Epizootic subtype IAB and IC Venezuelan equine encephalitis viruses (VEEV) readily infect the epizootic mosquito vector Aedes taeniorhynchus. The inability of enzootic subtype IE viruses to infect this mosquito species provides a model system for the identification of natural viral determinants of vector infectivity. To map mosquito infection determinants, reciprocal chimeric viruses generated from epizootic subtype IAB and enzootic IE VEEV were tested for mosquito infectivity. Chimeras containing the IAB epizootic structural gene region and, more specifically, the IAB PE2 envelope glycoprotein E2 precursor gene demonstrated an efficient infection phenotype. Introduction of the PE2 gene from an enzootic subtype ID virus into an epizootic IAB or IC genetic backbone resulted in lower infection rates than those of the epizootic parent. The finding that the E2 envelope glycoprotein, the site of epitopes that define the enzootic and epizootic subtypes, also encodes mosquito infection determinants suggests that selection for efficient infection of epizootic mosquito vectors may mediate VEE emergence.
Venezuelan equine encephalitis viruses (VEEV; Togaviridae family, Alphavirus genus) are single-stranded, enveloped, message-sense RNA viruses with genomes containing approximately 11,400 nucleotides (5, 9) . Structural genes found in a 26S subgenomic message encode the capsid protein and the E2 and E1 envelope glycoproteins. During virus maturation, a PE2 precursor protein is cleaved into the E3 and E2 proteins; the E2 protein forms spikes on the surface of the virion (16) , while the E1 protein lies parallel to the envelope (12) . E2 is the site of the major antigenic determinants and probably interacts with cellular receptors. The nonstructural proteins responsible for viral replication are encoded by the nsP1 through nsP4 genes found in the 5Ј two-thirds of the genomic RNA (9) (Fig.  1) .
VEEV occur in two epidemiological settings: (i) a continuous, sylvatic enzootic cycle maintained between Culex (Melanoconion) spp. mosquito vectors and rodent reservoir hosts and (ii) an epidemic and/or epizootic cycle that involves several different mammalophilic mosquito species and exploits equines as highly efficient amplification hosts, resulting in extensive equine and human disease (29, 32) . Aedes (Ochlerotatus) taeniorhynchus (Reinert [18a] proposed that the subgenus Ochlerotaus be elevated to generic status; we do not believe that this change is justified until a more rigorous analysis is conducted) has been implicated as an epizootic vector during several VEE outbreaks (20, 23, 32, 34) .
Of the six VEE antigenic subtypes (I through VI), only IAB and IC are etiologic agents of epidemics and/or epizootics because they generate equine viremia sufficient for efficient amplification (29, 32) . Phylogenetic analyses indicate that epizootic VEEV have emerged repeatedly through mutations in enzootic subtype ID VEEV progenitors that enhance equine replication (18, 32) . The recent isolation from encephalitic horses during Mexican epizootics of subtype IE VEEV indicates that this subtype may also have epizootic potential (14) . Mutations in the E2 glycoprotein that increase positive charge on the virion surface are putative determinants of the phenotypic changes that accompany all of these VEE emergences (3).
Adaptation to equine replication clearly accompanies the emergence of epizootic VEEV from enzootic progenitors, which replicate poorly in equine hosts (8, 13, 28, 31) . However, adaptation to epizootic mosquito vectors like A. taeniorhynchus may also mediate epizootic emergence (32) . Previous experiments demonstrating that epizootic subtype IAB (11, 26) and IC (25) VEEV readily infect the epizootic mosquito vector A. taeniorhynchus, while subtype IE VEEV fails to efficiently infect this mosquito species (11) , support this hypothesis. However, the IE viruses are not direct ancestors of the epizootic IAB and IC strains, so adaptation is not implied by these previous findings.
To further test the hypothesis that VEEV adapts to epizootic mosquito vectors and to investigate the viral genetic determinants of adaptation, previously (10, 17) and newly constructed infectious cDNA clones were used to generate chimeric VEEV containing genes from both enzootic and epizootic strains. Structural and nonstructural chimeras (Fig. 1) between the epizootic IAB strain Trinidad donkey (10) and the enzootic subtype IE Guatemalan strain 68U201 were described previously (17) . The IE/IAB-PE2 chimera (PE2 glycoprotein precursor gene of the IAB virus in the IE backbone; Fig. 1 ) was generated from pIE.AA by using SwaI and SgrAI sites at nucleotide positions 8139 and 10003, respectively. This fragment encoded the C-terminal 87 amino acids of the capsid protein, all of the E3 protein, all of the E2 glycoprotein, and the N-terminal 55 amino acids of the 6,000-kDa protein (6K protein) that, like E3, is not present in virions (Fig. 2) . The missing SwaI site in VE/IC-109 was introduced using PCR mutagenesis.
An epizootic VEEV subtype IC human isolate, strain 3908 (34), was chosen for construction of the new clone p3908.acb because of its low passage history (single C6/36 mosquito cell passage) and its available genomic sequence (4). PCR amplification of six overlapping genome regions was performed using Pfu Turbo high fidelity polymerase (Stratagene, La Jolla, Calif.) as previously described (4) . All amplicons were bluntend ligated into EcoRV-pBS-SKII(ϩ) (Stratagene, La Jolla, Calif.). Incorporation of strain 3908 amplicons was performed in a 3Ј to 5Ј antisense orientation (in relation to the viral genome and T7 promoter) through the digestion of vector sequences with the corresponding unique overlapping viral and pBluescript II SK(ϩ) restriction sites (Fig. 3) . The production of chimeras IC/ID-PE2 and IAB/ID-PE2 ( Fig. 1 ) involved cloning the PE2 gene of enzootic subtype ID strain 66637 (30) into the IAB or IC backbone (pVE/IC-109 and p3908.acb, respectively) by using AflII and SrfI (positions 8876 and 9806, respectively).
Clones were linearized with MluI, and in vitro transcription was performed using standard conditions (17) . RNA was electroporated into BHK-21 cells, and cultures were harvested 48 to 72 h later when cytopathic effect was evident. Virus titers were determined by plaque assay on Vero cells. The antigenic subtype of viruses was confirmed by an immunofluorescence assay with IAB/IC-specific (1A3A-5) and ID/IE-specific (1A1B-9) monoclonal antibodies as described previously (21) . Immunofluorescence results have been described previously for the IE and IAB reciprocal chimeras (17) . The IE/ IAB-PE2 chimera had an IAB/IC-specific antibody (1A3A-5) reactivity only. Virus from the IC clone (p3908acb) was also reactive with the IAB/IC-specific antibody (1A3A-5) only (data not shown). Conversely, IAB/ID-PE2 and IC/ID-PE2 were reactive with the ID/IE-specific antibody 1A1B-9 and were negative with the IAB/IC-specific antibody 1A3A-5, confirming the expected antigenic phenotypes based on the E2 sequence content.
To confirm that all rescued clones maintained their wildtype mouse-virulent phenotype, 1,000 PFU of virus from clones 3908.acb, IC/ID-PE2, and IAB/ID-PE2, as well as virus strains IC-3908, ID-66637, and IAB-TRD, was subcutaneously inoculated into (n ϭ 6) 12-week-old Swiss NIH mice. The wild-type mouse virulence of virus rescued from the IAB clone VEE/IC-109 has been described previously (10) , as well as that of the IAB/IE and IE/IAB chimeras (17) . The IC and IE viruses rescued from clones as well as all recombinant viruses were also virulent for mice; the IC (p3908.acb) clone-derived virus resulted in paralysis and death of mice within 5 to 7 days, and the two chimeras resulted in paralysis and death on days 6 to 9. The average survival times for mice infected with the p3908.acb were 5.6 Ϯ 1.1 days and 7.2 Ϯ 1.3 and 7.5 Ϯ 1.4 days for the IAB/ID-PE2 and IC/ID-PE2 chimeras, respectively. All viruses yielded titers similar to those of the parent viruses in a variety of cell cultures (data not shown).
A. taeniorhynchus mosquitoes were collected in Galveston, Tex.(latitude, N 29°13Ј 28ЈЈ; longitude, W 94°56Ј 63ЈЈ), and F 1 offspring were reared under standard conditions (6) . Hanging blood droplets were prepared from 0.33 volume of packed sheep erythrocytes, 33% fetal bovine serum, and approximately 7 log 10 PFU of recombinant virus, and mosquitoes were allowed to feed at room temperature for 1 h. Engorged females were incubated at 27°C for 14 days and then were assayed for cytopathic effect on BHK-21 cells, followed by plaque assay on Vero cells. A chi-square (mosquito cohorts infected with epizootic strains were generally compared with those of equal-or higher-dose cohorts for enzootic strains to interpret the results in a conservative manner. Titers of viruses from infected mosquitoes did not differ significantly between parental IE and IAB viruses and therefore were not measured for any of the chimeric viruses.
The IAB/IE chimeric virus containing the structural genes from subtype IE strain 68U201 infected 16% of A. taeniorhynchus exposed to 6.5 log 10 PFU/ml of blood meal (Table 1) . This rate was similar to that of the 68U201 parental virus. The mosquito infection rate for the IE/IAB chimera was 56% with 6.9 log 10 PFU/ml of blood meal (Table 1 ). This infection rate was higher (P Ͻ 0.1) than that of the 68U201 parental virus, even though 68U201 had a higher blood meal infectivity of 7.3 log 10 PFU/ml. In addition, the IE/IAB-PE2 construct had a higher (P Ͻ 0.1) infection rate (54% at 6.8 log 10 PFU/ml of blood meal) than the IE parent (Table 1) .
Because subtype ID and IC VEEV represent ancestral and derived phenotypes related to VEE emergence (18, 19, 30) , the role of their PE2 genes in infection of A. taeniorhynchus was also investigated. The epizootic IAB virus (infection rates of 31 and 67% at 5.9 and 7.7 log 10 PFU/ml blood meal, respectively; Table 1 ) did not infect significantly (P ϭ 0.12) more efficiently than subtype ID strain 66637 (38% at 6.6 log 10 PFU/ml blood meal) (Table 1) when the lower dosage rates were compared. Interestingly, the infection rate for theIAB/IDE2 construct did differ significantly (P ϭ 0.1) from that of the IAB parent. The lack of statistical significance between parental IAB and ID viruses could be the result of small sample sizes or extensive cell culture passaging (6-Vero and 1-BHK) of the IAB virus used to generate the VEE/IC-109 clone; cell culture passage is known to reduce mosquito infectivity by subtype IAB VEEV (27) . In contrast, virus from the subtype IC clone p3908acb (generated from a virus that had been passaged only once in mosquito cells) infected mosquitoes at a higher (P ϭ 0.08) rate, 84% at 7.1 log 10 PFU/ml (Table 1) , than the enzootic ID virus, also of low passage (once in suckling mice and once in Vero cells). The IAB/ID-PE2 chimera infected 31% of mosquitoes exposed to 6.8 log 10 PFU/ml. The VEE/IC-109 IAB parental clone infected 67% of mosquitoes exposed to 7.7 log 10 PFU/ ml. Virus from the IC/ID-PE2 construct demonstrated a 48% reduction (P Ͻ 0.1) in infection compared to that of its paren- tal IC virus; the IC/ID-PE2 infection rate was 36% at 7.0 log 10 PFU/ml of blood meal compared to the rate for parental IC virus (84% at 7.1 log 10 PFU/ml). Subtype IE strains differ from subtype IAB, IC, and ID VEEV by approximately 11% of their amino acid sequences, precluding analysis and discussion of potential amino acid determinants of vector infection. Among the more closely related subtype I viruses, there was a total of nine E2 glycoproteindeduced amino acid differences between IAB and IC viruses (Table 2) , with no net charge difference. E2 amino acid differences between the IAB or IC and ID VEEV were 11 and 8, respectively, with the IAB and IC strains exhibiting higher net charges of ϩ3 and ϩ2. (30) . No capsid but two E3 amino acids also differed among the IAB, IC, and ID strains, but only position 41 was consistent with respect to the mosquito infection phenotype (Ser for enzootic strain 66637 and Pro for the epizootic IAB and IC strains). These sequence comparisons imply that the E2 glycoprotein differences responsible for enhanced mosquito infection by the epizootic strains may include charge differences on the surface of the virion that were previously implicated in VEE emergence (3).
Our results demonstrate that genetic determinants within the PE2 envelope glycoprotein precursor gene are responsible for the increased efficiency of VEEV infection of the epizootic mosquito vector, A. taeniorhynchus. Insertion of the PE2 gene from enzootic ID and IE strains into the highly infectious IC and to a lesser degree the IAB backbone reduced infection rates, demonstrating that the epizootic PE2 gene is necessary for efficient infection. More importantly, insertion of the IAB PE2 gene into the enzootic IE backbone significantly increased infectivity compared to that of the enzootic parent, demonstrating that the PE2 gene alone is sufficient to confer the   FIG. 3 . Construction of infectious cDNA clone p3908.acb from VEEV subtype IC strain 3908. All six amplicons generated by reverse transcsription-PCR were ligated into the pBS-SKII shuttle plasmid. The full-length clone was constructed by the addition of subclones to the 3Ј-most fragment, using a 3Ј conserved unique restriction site and a unique site found within the pBS plasmid at the 5Ј end. (35) . The previous data indicate that the mosquito infection block does not involve virion maturation, as would be expected if the E3 protein were involved. Although the E3 protein is not present in VEEV virions (9) and infection of the midgut reflects the initial interaction of the virus with the apical surface of epithelial cells (33), we cannot rule out an in vivo mosquito infection role for E3 amino acid substitutions. E3 protein mutations that affect E2 cleavage during polyprotein processing can affect infectivity for mosquito cells (7), suggesting their possible role in vector infection in vivo. More detailed mutagenesis experiments are needed to assess the role of specific proteins and amino acids as determinants of vector infection.
Our findings represent the first identification of natural vector infection determinants for an alphavirus. Previous experiments implicated envelope glycoproteins of LaCrosse and snowshoe hare viruses in Aedes triseriatus infection (1, 2, 24) . Insertion of the 26S structural genome region from a dissemination-competent Malaysian Sindbis virus strain into an incompetent strain was sufficient to enhance dissemination from the midgut of Aedes aegypti (15) . In addition, the use of a monoclonal antibody-resistant mutant VEEV demonstrated that a single amino acid substitution in the E2 glycoprotein could interfere with midgut infection of and dissemination within A. aegypti mosquitoes (36) .
The results of these studies may have great epidemiological significance. We have hypothesized that adaptation of epizootic VEEV to epizootic mosquito vectors like A. taeniorhynchus contributes to VEE emergence by enhancing transmission among equines rather than or in addition to elevated equine viremia levels, as has been previously demonstrated (8, 13, 28, 31) . Such adaptation to epizootic vectors could be responsible for a loss of fitness in the enzootic (ancestral) Culex (Melanoconion) vectors due to the host specificity of the adaptation. The lack of susceptibility to infection with epizootic VEEV of Culex (Melanoconion) taeniopus, the enzootic vector for VEE subtype IE viruses in Central America, has been implicated as a factor in the inability of subtype IAB viruses to persist in Central America after the 1969 outbreak (22) . Although this vector is readily infected with subtype IE viruses, highly infectious blood meals of epizootic subtype IAB VEEV fail to efficiently establish midgut infections (35) . Determination of infection rates for C. (Melanoconion) taeniopus and other enzootic VEEV vectors using these new infectious constructs could provide further evidence for this hypothesis.
